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In adipocytes, the expression of the VSOR channel has not been explored to date. Here, by employing the whole-cell patchclamp technique, we examined whether or not the VSOR channel is expressed in white adipocytes freshly isolated from epididymal fat pads of normal (C57BL/6 or KK) and diabetic (KKA y ) mice. Whole cell voltage-clamp recordings revealed that Cl Ϫ currents were gradually activated upon cell swelling induced by application of a hypotonic solution, both in normal and diabetic adipocytes. Although both the mean cell size (or cell capacitance) and the current magnitude in KKA y adipocytes were larger than those in C57BL/6 cells, the current density was significantly lower in KKA y adipocytes (23.32 Ϯ 1.94 pA in C57BL/6 adipocytes vs. 13 .04 Ϯ 2.41 pA in KKA y adipocytes at ϩ100 mV). Similarly, the current density in diabetic KKA y adipocytes was lower than that in adipocytes from KK mice (a parental strain of KKA y mice), which do not present diabetes until an older age. The current was inhibited by Cl Ϫ channel blockers, 5-nitro-2-(3-phenylpropylamino)benzoic acid (NPPB) and glibenclamide, or hypertonic solution, and showed outward rectification and inactivation kinetics at large positive potentials. These electrophysiological and pharmacological properties are consistent with those of the VSOR channel in other cell types. Moreover, adipocytes showed RVD, which was inhibited by NPPB. In KKA y adipocytes, RVD was significantly slower (; 8.42 min in C57BL/6 adipocytes vs. 11.97 min in KKA y adipocytes) and incomplete during the recording period (25 min). It is concluded that the VSOR channel is functionally expressed and involved in volume regulation in white adipocytes. RVD is largely impaired in adipocytes from diabetic mice, presumably as a consequence of the lower density of the functional VSOR channel in the plasma membrane. white adipocyte; anion channel; regulatory volume decrease CHANGES IN CELL VOLUME HAVE been reported to affect various cellular functions (19) . In adipocytes, it has been reported that cell volume changes induced by an application of a hypertonic or a hypotonic solution alter their fundamental physiological functions: glucose uptake and metabolism (3, 4, 16, 18, 35) . Osmotically shrunken adipocytes show insulin resistance, which is a characteristic of type 2 diabetes mellitus (4, 16) , whereas glucose uptake is facilitated in osmotically swollen adipocytes (35) . Based on these findings, it is conceivable that adipocytes somehow sense the changes in their cell volume and regulate the functions accordingly. Considering that the cell volume modulates the fundamental functions of adipocytes, it might be assumed that there are some impairments or alterations in the mechanism related to cell volume regulation in diabetic adipocytes.
Most mammalian cells, including white adipocytes, live in a very finely regulated and controlled environment in vivo; however, they can undergo osmotic challenges due to changes in intracellular concentrations of osmolytes, as a consequence of substrate transport or alterations of metabolic rates (12, 19, 21) . Since such osmotic perturbations induce cell volume changes, cells must readjust their volume for normal function and survival (19, 30 -32) . In many cell types, volume regulation after osmotic swelling, called regulatory volume decrease (RVD), is mainly accomplished by KCl-efflux-driven water efflux induced by parallel activation of Cl Ϫ and K ϩ channels (19, 28, 29) . The volume-sensitive outwardly rectifying (VSOR) Cl Ϫ channel is considered to be one of the cell volume sensors, since it is primarily activated by osmotic swelling, as well as a volume regulator, since it serves as a Cl Ϫ efflux pathway for RVD in a variety of cell types (6, 7, 27, 28) . In adipose tissue, to date, it remains unclear whether or not the VSOR channel is expressed and involved in RVD after osmotic swelling.
In the present study, by using a whole cell patch-clamp technique, we sought to demonstrate functional expression of the VSOR channel activated by osmotic swelling in white adipocytes isolated from the epididymal fat pad of agematched normal (C57BL/6 or KK) and diabetic (KKA y ) mice. Cell volume measurements revealed that adipocytes exhibited RVD after osmotic swelling by activation of the VSOR channel. In diabetic KKA y adipocytes, the current density of the VSOR channel was lower than that in normal C57BL/6 or KK adipocytes, and thereby resulting in slower and incomplete RVD. We propose that the changes in sensitivity to osmotic perturbations may somehow be related to the insulin responsiveness, type 2 diabetes pathology.
MATERIALS AND METHODS
Chemicals. All of the reagents, except for Cell-Tak (BD Biosciences, Bedford, MA), collagen (Nitta Gelatin, Osaka, Japan), collagenase type I (Worthington Biochemical, Lakewood, NJ), and 5-nitro-2-(3-phenylpropylamino)benzoic acid (NPPB; Tocris, Ballwin, MO) were obtained from Sigma (St. Louis, MO). NPPB and glibenclamide were dissolved in dimethyl sulfoxide to make stock solutions and diluted 1,000 times in the corresponding solution. No significant effect was observed when vehicle was applied alone.
Animals. All experimental procedures involving animals were approved in advance by the Institutional Animal Care and Use Com-mittee of Tokyo Medical University and by the Ethics Review Committee for Animal Care and Experimentation of the National Institute for Physiological Sciences. Male C57BL/6, KKA y , and KK mice were purchased from Japan SLC (Shizuoka, Japan). The mice were housed in a temperature-, humidity-, and light-controlled room (12:12-h light-dark cycle) and allowed free access to water and standard food (F2, 414 kcal/100 g, Funabashi Farm, Chiba, Japan), unless otherwise stated.
Isolation of white adipocytes from mice. White adipocytes were isolated from the epididymal fat pads of male C57BL/6, KKA y , or KK mice, aged 8 -18 wk, by a collagenase digestion method (36) . Briefly, the mice were deeply anesthetized with halothane and killed by cervical dislocation. The epididymal adipose tissues were removed and then minced in Hank's balanced salt solution containing 138 mM NaCl, 5.3 mM KCl, 4 mM NaHCO 3, 0.44 mM KH2PO4, 0.34 mM Na 2HPO4, 1.0 mM CaCl2, 1.0 mM MgCl2, 3% BSA, and 200 nM adenosine with collagenase type I (191 U/ml). After incubation at 37°C for 30 min, the digested tissue was filtered through a nylon mesh. The filtrated adipocyte suspension was washed four times with collagenase-free Hanks' balanced salt solution. Adipocytes were resuspended in Tyrode solution containing 135 mM NaCl, 5.4 mM KCl, 0.33 mM NaHPO4, 1.0 mM CaCl2, 1.0 mM MgCl2, 2 mM glucose, 10 mM HEPES, 3% BSA, and 200 nM adenosine, and were made to adhere to glass coverslips coated with the biological adhesive CellTak, according to the manufacturer's instructions (BD Biosciences), by placing the coverslip on the surface of the cell suspension at room temperature (23-25°C) for at least 20 min. The cell-attached coverslip was then placed upside down (i.e., with cells attached to the upper side) on the bottom of a superfusion bath for subsequent measurements of electrophysiology or cell size.
Patch-clamp experiments. All experiments were conducted at room temperature (23-25°C) . A salt bridge containing 3 M KCl in 2% agarose was used to connect a reference Ag-AgCl electrode. The patch electrodes were prepared from borosilicate glass capillaries and had a resistance of 1.5-3 M⍀ when filled with a pipette solution (see below). Series resistance (Ͻ10 M⍀) was compensated (70%) to minimize voltage errors. Currents were recorded using an Axopatch 200B amplifier (Molecular Devices, Union City, CA) coupled to a DigiData 1321A analog-to-digital and digital-to-analog converter (Molecular Devices). Current signals were filtered at 1 kHz using a four-pole Bessel filter and were digitized at 5 kHz. pClamp 10.2 software was used for the command pulse protocol, data acquisition, and analysis. The time courses of current activation and recovery were monitored by repetitively applying (every 15 s) alternating step pulses (2-s duration) of Ϯ40 mV from a holding potential of 0 mV, which is equal to Cl Ϫ equilibrium potential. After steady currents were attained, step pulses were applied from a prepotential of Ϫ100 mV (250 ms) to test potentials between Ϫ100 mV and ϩ100 mV (500-ms duration) in 20-mV increments. Current-voltage relationships were obtained by plotting mean currents between 300-ms and 700-ms after the onset of the prepotential as a function of test potentials. To study ionic dependency of the current, reversal potentials (E rev) were measured by applying a ramp pulse from ϩ40 to Ϫ40 mV (2-s duration). The isotonic bath solution (290 mosmol/kgH2O) consisted of the following (in mM): 110 N-methyl-D-glucamine (NMDG), 110 HCl, 5 MgSO4, 12 HEPES, 7 Tris, and 60 mannitol (pH 7.4 adjusted with NMDG). The hypotonic (230 mosmol/kgH 2O) or hypertonic (400 mosmol/kgH 2O) solutions was made by omitting or adding mannitol. Osmolality of the solutions was measured using a freezing point depression osmometer (OSMOMAT 030, Gonotec, Berlin, Germany). In some experiments, the concentration of Cl Ϫ was changed by replacement with gluconate Ϫ . The pipette (intracellular) solution consisted of the following (in mM): 110 NMDG, 110 HCl, 2 MgSO4, 5 Na2ATP, 1 EGTA, and 10 HEPES (pH 7.4 adjusted with NMDG). The osmolality was adjusted to 260 mosmol/kgH2O by adding mannitol.
Cell size measurements. The cell size measurements of white adipocytes were conducted at 37°C. The isotonic (290 mosmol/ kgH 2O) or hypotonic (200 mosmol/kgH2O) solution consisted of the following (in mM): 95 NaCl, 4.5 KCl, 1 MgCl2, 1 CaCl2, and 5 HEPES (pH 7.4 adjusted with NaOH). The osmolality was adjusted by adding mannitol. Adipocytes on the coverslips were mounted in a bath chamber on the stage of an inverted microscope (TE300, Nikon, Tokyo, Japan) and visualized using a ϫ40 objective lens (Plan Fluor 40ϫ0.75 DIC M, Nikon). Cell images were captured using a chargecoupled device camera (EM-CCD C9100; Hamamatsu Photonics, Hamamatsu, Japan) and recorded using AquaCosmos software (version 2.6; Hamamatsu Photonics). The cross-sectional area of the cytoplasm around a nucleus was measured as an indicator of the cytoplasmic volume, using AquaCosmos software.
Blood glucose and insulin measurements. Mouse whole blood was incubated at 4°C over 16 h to clot and then centrifuged at 1,100 g for 25 min to prepare the serum. Blood (serum) glucose levels were determined based on a glucose oxidase method using a Glucose-CIITest Wako kit (Wako Pure Chemical Industries, Osaka, Japan), according to the manufacturer's instructions. Serum insulin levels were determined by an insulin measurement ELISA kit (mouse insulin measurement kit high range speedy; Morinaga Institute of Biological Science, Yokohama, Japan), according to the manufacturer's instructions.
Bezafibrate treatment. After male KKA y mice aged 4 wk were adapted to a powdered diet (CE-2, 343.1 kcal/100 g, Japan SLC) for 1 wk, the mice were randomly separated into two groups. One group was fed a CE-2 containing 0.1% bezafibrate, and the other group was fed a CE-2 under pair-fed conditions for 5 wk. Food intake during the pair-feeding period was, on average, 6.97 g (23.9 kcal)/day. Mice were then subjected to patch-clamp experiments and blood analysis.
Statistical analysis. Data are given as means Ϯ SE of observations (n). Comparisons of two experimental groups were made using Student's t-test, whereas multiple comparisons were made using ANOVA followed by the Bonferroni test. Data were considered to be significant at P Ͻ 0.05.
RESULTS

Activation of whole cell currents under hypotonic stress in freshly isolated white adipocytes from normal mice.
The appearance of freshly isolated white adipocytes is characterized by a spherical shape and an intracellular large lipid droplet surrounded by a very thin cytoplasm. Nucleus staining with Hoechst 33258 revealed that the cytoplasm forms a bulge at the site where the nucleus is located (an arrowhead in Fig. 1A,  inset) . Under whole cell, voltage-clamp conditions, a hypotonic challenge (79.3% osmolality) induced swelling of the cytoplasm, especially near the nucleus, which was accompanied by an increase in whole-cell currents in freshly isolated white adipocytes (Fig. 1A) . Both the cytoplasmic volume and the current decreased after returning the bath solution to an isotonic solution (Fig. 1A) . Application of a hypertonic solution (137.9% osmolality) significantly inhibited hypotonicityactivated currents [3.75 Ϯ 0.39 and Ϫ1.04 Ϯ 0.10 nA in the hypotonic solution vs. 0.20 Ϯ 0.05 and Ϫ0.28 Ϯ 0.09 nA (n ϭ 9) in the hypertonic solution at ϩ100 and Ϫ100 mV, respectively]. It is thus evident that the current was sensitive to cell volume. The activated currents exhibited outward rectification (Fig. 1, Bb and C) and time-dependent inactivation at large positive potentials, which were larger than ϩ100 mV (Fig.  1Bb) .
The experimental solutions used here were designed for the recording of chloride currents by using the membrane-impermeable large-cation NMDG to avoid contamination of cationic currents. Thus it is conceivable that the recorded current activated by swelling was a Cl Ϫ current. Volume-sensitive Cl Ϫ currents in freshly isolated white adipocytes were rapidly suppressed by a conventional chloride channel blocker, NPPB (100 M) (Fig. 3) . The NPPB effect was reversible upon washout. Moreover, the currents were also suppressed by glibenclamide (200 M) (Fig. 4A) , which is known to inhibit CFTR Cl Ϫ channels (37) and volume-sensitive Cl Ϫ channels (22) , as well as ATP-sensitive K ϩ channels (1). Glibenclamide was found to accelerate time-dependent inactivation at positive potentials (Fig. 4B) . The effects of glibenclamide on volume-sensitive Cl Ϫ currents appeared to be voltage dependent in adipocytes, because significant inhibitory effects of glibenclamide were observed only at positive potentials (greater than or equal to ϩ60 mV) (Fig. 4C) .
Functional expression of the volume-sensitive Cl Ϫ channel in freshly isolated white adipocytes from diabetic mice. Next we tried to clarify whether or not there is any difference in the volume-sensitive Cl Ϫ channel expression between normal and diabetic adipocytes. For diabetic adipocytes, adipocytes were prepared from KKA y mice, a genetic animal model of obeserelated type 2 diabetes, presenting severe obesity, hyperglycemia, hyperinsulinism, and adipocyte hypertrophy (Table 1) . Because diabetic KKA y adipocytes were large (Ͼ100 m in diameter), there was a risk that the whole cell voltage clamp was not performed uniformly. To evaluate this possibility, the membrane capacitance estimated from capacitive currents was plotted against the surface membrane area, which is calculated from the diameter of the cell by assuming that an adipocyte is a sphere (Fig. 5A) . If the voltage was clamped uniformly throughout the cell, the cell capacitance should increase in proportion to the cell surface area. The experimental data were well fitted by a straight line among all recorded adipocytes (adjusted R 2 ϭ 0.96). The slope corresponding to the specific capacitance was 0.013 pF/m 2 (1.3 F/cm 2 ), which is comparable to that of other cell types (ϳ1.0 F/cm 2 ) (5). From this result, it was confirmed that the whole cell voltage clamp was uniformly performed, even in KKA y adipocytes, regardless of their large cell size. Furthermore, the voltage drop across the series resistance was calculated to be 8 and 11 mV at ϩ100 mV for C57BL/6 and KKA y adipocytes, respectively. Since the difference in the magnitude of voltage drop was considered to be insignificant, the voltage clamp was similarly attained in C57BL/6 and KKA y adipocytes. It is thus reliable to compare the current density as an indicator of the channel expression levels between C57BL/6 and KKA y adipocytes. In KKA y adipocytes, exposure to the hypotonic solution activated whole cell currents, as observed in C57BL/6 adipocytes (Fig. 5, B-D) . The properties of the activated currents were similar to those of C57BL/6 adipocytes; the current was VSOR and was reversibly inhibited by NPPB (100 M). The absolute current amplitude of the activated currents was larger in KKA y adipocytes (7.44 Ϯ 1.3 nA in KKA y adipocytes vs. 4.12 Ϯ 0.36 nA in C57BL/6 adipocytes at ϩ100 mV, n ϭ 14 -34), and cell capacitance was more prominently larger in KKA y adipocytes (554.6 Ϯ 20.4 pF in KKA y adipocytes vs. 192.7 Ϯ 8.2 pF in C57BL/6 adipocytes, n ϭ 37-40). As a consequence, the current density was significantly lower in diabetic KKA y adipocytes, as shown in Fig. 5E . Since the genetic background of C57BL/6 and KKA y mice differs, the difference in the current density of the volumesensitive chloride channel might reflect genetic effects that are not related to diabetes. Therefore, in some experiments, we used the parental strain of KKA y mice, KK mouse strain, which develops obesity and diabetes in older animals (Ͼ4 mo), whereas KKA y mice develop severe obesity and type 2 diabetes at an early onset (24) . The difference in genetic background between KKA y and KK mice is only the lethal yellow agouti gene (A y ) introduced in KKA y mice (38) . At an age of 8 wk, KK mice showed normal body weight, blood glucose and insulin, and size of adipocytes (Table 1) . Consistent with the results from normal C57BL/6 adipocytes, the current density of the volume-sensitive Cl Ϫ channel in adipocytes from normal KK mice was significantly higher than that in diabetic KKA y adipocytes (32.01 Ϯ 2.36 pA/pF in normal KK adipocytes vs. 13.04 Ϯ 2.41 pA/pF in diabetic KKA y adipocytes at ϩ100 mV, n ϭ 14 -26, P Ͻ 0.05), and it was significantly greater than that in C57BL/6 adipocytes (23.32 Ϯ 1.94 pA/pF at ϩ100 mV, n ϭ 34).
We further examined the effect of amelioration of diabetes on the current density of the VSOR channel by the panperoxisome proliferator-activated receptor agonist, bezafibrate, which has been reported to improve diabetes (8, 15, 23) . Diabetic pathology was partially ameliorated in two KKA y mice fed a 0.1% bezafibrate-containing diet for 5 wk (mean blood glucose, 349 mg/dl; mean serum insulin, 7.05 ng/ml). The mean current density of the VSOR channel in bezafibratetreated KKA y adipocytes was larger than that in pairfed diabetic KKA y adipocytes (13.86 Ϯ 2.05 pA/pF in pair-fed KKA y adipocytes, n ϭ 11 from 2 mice, vs. 20.50 Ϯ 3.20 pA/pF in bezafibrate-treated KKA y adipocytes, n ϭ 8 from 2 mice, at ϩ100 mV). Although the data are still preliminary due to the small number of the animals, it is likely that amelioration of diabetes by bezafibrate restored the functional expression level of the VSOR channel.
RVD in adipocytes. It has been reported that the volumesensitive Cl
Ϫ channel is involved in many cell types in volume regulation after osmotic swelling called RVD. Application of a hypotonic solution (69% osmolality) induced cytoplasm swelling, especially near the nuclei in freshly isolated white adipocytes, but the adipocytes recovered cytoplasmic volume 25 min after the application of the hypotonic solution, as seen in Fig. 6A . We quantified volume changes in white adipocytes by using a previously reported strategy that was to use the measurement of the cross-sectional area of the cytoplasm around the nucleus as an indicator of cell volume (13) . Under isotonic conditions, the cytoplasmic size of white adipocytes remained constant over 30 min (not shown). In contrast, application of the hypotonic solution induced rapid swelling of the cytoplasm to 128 Ϯ 4.1% of their original size in 2 min, followed by RVD to 99.2 Ϯ 2.4% in 25 min in adipocytes (Fig. 6B,  circles) .
To test whether the volume-sensitive Cl Ϫ channel is involved in RVD in adipocytes, the cytoplasmic size of adipocytes was measured before and during exposure to the hypotonic solution in the presence of NPPB (100 M). Inhibition of the volume-sensitive Cl Ϫ channel by NPPB significantly impaired RVD in adipocytes (Fig. 6B, triangles) . Thus it is likely that the volume-sensitive Cl Ϫ channel is involved in RVD after osmotic swelling in adipocytes. Diabetic KKA y adipocytes exhibited a lower current density of the VSOR channel and slower RVD under hypotonic condition than normal C57BL/6 adipocytes (Fig. 6C) .
DISCUSSION
Although ion channels generally play important physiological roles in homeostasis, little is known about the expression and functions of ion channels in white adipocytes. In the present study, we demonstrated for the first time that white adipocytes functionally express the VSOR Cl Ϫ channel, which is involved in cell volume regulation after osmotic swelling, and found that the expression level of the VSOR Cl Ϫ channel is lowered and RVD is impaired in diabetic KKA y adipocytes. The VSOR channel in adipocytes. Although some candidates have been proposed, the molecular entity of the VSOR channel has not as yet been identified (33) . However, its electrophysiological and pharmacological properties have been well characterized in many cell types (25, 28, 39) . The channel is anion selective and exhibits moderate outward rectification and timedependent inactivation at large positive potentials. In the present study, volume-sensitive Cl Ϫ currents in white adipocytes from both normal and diabetic mice were demonstrated to exhibit these properties, which are characteristic of the VSOR Cl Ϫ channel (Figs. 1 and 5 ). The VSOR channel has been reported to permeate not only inorganic anions, but also larger organic anions, including gluconate Ϫ (25, 28, 39 ). Although the permeability ratio was somewhat greater than that in other cell types, the VSOR channel permeability ratio for gluconate Ϫ to Cl Ϫ , measured in white adipocytes (0.28; see Fig. 2 ) was not incompatible with those in other cell types, e.g., epithelial cells (0.1) (17), endothelial cells (0.19) (26), and cortical neurons (0.19) (13).
Volume-sensitive Cl Ϫ currents in white adipocytes were reversibly inhibited by the conventional Cl Ϫ channel blocker, NPPB (Figs. 3 and 5) , which is consistent with its effects on VSOR Cl Ϫ currents observed in many other cell types (28) . Glibenclamide has been reported primarily as an inhibitor of ATP-sensitive K ϩ channels and has been used for the treatment of type 2 diabetes to stimulate insulin release from pancreatic ␤-cells (1, 2) . In addition, glibenclamide has also been reported as an inhibitor of the VSOR Cl Ϫ channel (22) . In the present study, the application of glibenclamide inhibited volume-sensitive Cl Ϫ currents in adipocytes (Fig. 4) . In contrast to the effect of NPPB, glibenclamide caused significant inhibition of the current only at positive potentials (Fig. 4C) and accelerated the depolarization-induced inactivation (Fig.  4Bc) . These findings are consistent with previous observations that glibenclamide inhibited the VSOR Cl Ϫ channel in a voltage-dependent manner and facilitated the inactivation at positive potentials, when it was applied from the extracellular side (22) .
In adipocytes from obese-related type 2 diabetic KKA y mice, hypotonic stimulation induced activation of currents with properties similar to the VSOR channel of normal C57BL/6 adipocytes, although the current density was lower (Fig. 5) . To test whether the difference in the current density is due to the genetic difference between KKA y and C57BL/6 mouse strains, we explored the current density in adipocytes from KK mice (the parental strain of KKA y mice), which do not present diabetes until an older age. Since the current density of the VSOR channel in KK adipocytes was comparable to (or even significantly greater than) that in C57BL/6 adipocytes, reduced current density in KKA y adipocytes might result from diabetes. Furthermore, our study revealed that the density of the VSOR channel was partially restored in KKA y adipocytes from mice fed a 0.1% bezafibrate-containing diet for 5 wk to ameliorate diabetes (8, 15, 23) . From these results, it is conceivable that diabetic KKA y adipocytes reflected properties of adipocytes in obese-related type 2 diabetes. Similar to our findings, it has been demonstrated that the VSOR channel activity is reduced in cardiac myocytes of another type of diabetes, insulin-deficient (type 1) diabetic mice (42) . In that report, the current density was compared between normal and streptozotocin-induced diabetic mice with no difference in genetic background, and both groups of mice were not obese. Thus the reduced current density of the VSOR channel may be a common phenomenon in adipocytes in diabetic animals. Although the type of diabetes is different, insulin action is known to be impaired in both types of diabetes due to either low blood insulin levels (type 1 and some population of type 2) or insulin resistance of cells (type 2). The mechanisms of the VSOR channel suppression in diabetes remain unclear; however, insulin signaling might play important roles in maintaining functional expression of the VSOR channel. Indeed, insulin supplementation has been shown to recover the functional expression of VSOR channel in type 1 diabetic myocytes (42) .
RVD in diabetes. Adipocytes could face osmotic disturbance, and thereby their cell volume may change as a consequence of cell metabolism that changes the intracellular concentrations of osmolytes (12, 19, 21) . Most cell types possess the ability to readjust their cell volume, unless the osmotic disturbance is so severe that it induces cell death (14) . In the present study, we demonstrated that extracellular hypoosmolality (69% osmolality) induced cell swelling followed by RVD in white adipocytes (Fig. 6) . The RVD was inhibited by a known blocker of the VSOR channel, NPPB (Fig. 6B, triangles) . Thus it is suggested that the VSOR channel is involved in RVD in adipocytes. In KKA y adipocytes, RVD was slower than that in C57BL/6 adipocytes and incomplete during the 25-min recording period Values are given as mean Ϯ SE of observations; n, no. of mice (in parentheses). (Fig. 6C ). This result is consistent with the lower current density of the VSOR channel in KKA y adipocytes. Such a RVD impairment has also been observed in type 1 diabetic myocytes in which the VSOR channel expression was reduced to below one-half that of normal myocytes (42) .
For RVD, it is not only Cl Ϫ , but also K ϩ that must be extruded from the cell. At present, it remains unclear which K ϩ channel type is primarily activated together with the VSOR Cl Ϫ channel in parallel during RVD in adipocytes. Lee and Pappone (20) demonstrated, using patch-clamp techniques, the expression of delayed-rectifier K ϩ channels in white adipocytes. Since expression of other K ϩ channels has not been reported in white adipocytes, the delayed-rectifier K ϩ channel can be a candidate for the volume-regulatory K ϩ efflux pathway during RVD. Interestingly, Lee and Pappone (20) also reported that the current density of the delayed-rectifier K ϩ channel was reduced in white adipocytes from genetically obese Zucker rats. In retinal glial (Müller) cells from type 1 diabetic rats, Pannicke et al. reported decreased K ϩ conductance and impaired cell volume regulation (34) . Taken together, in diabetic animals, it is likely that RVD is impaired in tissues of different types, including fat, heart, and retina, as a consequence of reduced activity of volume-regulatory K ϩ and/or Cl Ϫ channels. M NPPB ( ' ). Each symbol represents the mean current Ϯ SE (vertical bar) for 14 observations. *P Ͻ 0.05 vs. isotonic condition. E: current density of the volume-sensitive Cl Ϫ currents in KKA y adipocytes was lower than that in C57BL/6 adipocytes. *P Ͻ 0.05 vs. C57BL/6 adipocytes. Physiological and pathological implications. It has been shown that cell volume changes modulate physiological functions in many cell types (19) . Cell swelling induced by extracellular hypoosmolality stimulates glutamine and glucose uptake in rat white adipocytes (35) . Insulin, which is known to stimulate glucose uptake in various tissues, including adipocytes, has been reported to induce swelling of liver cells (9 -11, 40, 41) . Furthermore, hyperosmolality, which induces cell shrinkage, has been found to mimic the effects of insulin by exhibiting stimulation of uptake and metabolism of glucose in adipocytes (3, 16, 18) . On the other hand, it has been reported that hyperosmolality diminishes insulin-stimulated glucose uptake in rat epididymal fat pads (16) and 3T3-L1 adipocytes (4) . Although such contradictory observations must be interpreted by taking into account the different conditions among these studies, it seems obvious that there is a close relationship between cell volume and physiological functions in adipocytes. As we demonstrated in the present study, the VSOR channel is activated in osmotically swollen adipocytes, and the current density was lower in adipocytes from diabetic mice. It is thus conceivable that the VSOR channel activity might modulate metabolisms and insulin sensitivity in white adipocytes under physiological and pathological conditions.
